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ABSTRACT
This thesis documents research on new electrochemical 
methods for measuring corrosion rates and their distribution under 
cathodic protection (CP). CP, in combination with barrier coatings, is 
one of the main methods used for preventing metal corrosion. 
Depending on the CP potential applied, the rate of metal dissolution 
can be decreased or virtually stopped (immune region). For carbon 
steels, however, CP potentials in the immune region cannot be 
sustained without generating large amounts of alkali and hydrogen 
that could deteriorate the coatings. Therefore, CP potentials are 
generally limited to values were anodic dissolution is still 
thermodynamically possible and, consequently, there is a need for 
methods capable of measuring and monitoring the corrosion rates 
under CP.  
Non-electrochemical methods, such as weight-loss coupons 
and electrical resistance probes, could be used to quantify corrosion 
rates under CP. Unfortunately, these methods only provide average 
corrosion rates over long periods of exposure and in many cases, are 
inappropriate to evaluate localized corrosion. On the other hand, 
traditional electrochemical methods such as linear polarization 
resistance have limitations in quantifying the small anodic currents 
produced by metal dissolution when the much larger cathodic currents 
induced by CP are taking place over the same electrode. To overcome 
these limitations, this work presents two new corrosion monitoring 
methods based on the use of multi-electrode arrays.  
In an attempt to measure corrosion rates and their distribution 
at bare metal surfaces under CP, a method denoted as corrected
currents was conceived. Providing that the system’s overall cathodic 
reaction is under diffusion control, this method allows the estimation of 
the anodic current component at each electrode of the electrode array. 
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This is accomplished by taking advantage of the differences between 
the currents registered at each electrode and a “baseline” provided by 
the cathodic reaction limiting current.  
The second method is based on a new sensor, namely 
differential aeration sensor (DAS), developed to evaluate the 
conditions under disbonded coatings. The DAS incorporates a crevice 
that replicates a disbonded coating covering 80% of the electrode 
array surface. This design takes advantage of the oxygen depletion 
generated within the crevice to directly measure anodic currents for 
determining corrosion rates even when CP is being applied. The DAS 
was also combined with the corrected currents method to measure 
corrosion rates from both inside and outside the crevice area. 
In addition to corrosion monitoring, the DAS was used to study 
CP shielding and has facilitated the development of an 
electrochemical model that predicts the conditions at which effective 
corrosion prevention could be achieved under disbonded coatings, 
independently of the crevice geometry or media conductivity. The DAS 
was also used to study the effect of soils and their humidity over the 
current distribution along disbonded coatings. It was found that 
significant localized attack could be produced in non-saturated soils if 
isolated solution pockets are formed within disbonded areas. 
This research was focused on the monitoring of external 
corrosion of buried steel pipelines; however, the methods investigated 
and developed in this work could be applicable to a wide variety of 
cathodically protected metal structures.
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INTRODUCTION
 INTRODUCTION
Cathodic protection (CP) is one of the main corrosion 
prevention methods used for metals of inherently low corrosion 
resistance. Its working principle is to counteract the corrosion driving 
force by means of an external power source or through the use of 
sacrificial anodes. CP is commonly used in combination with barrier 
coatings that cover the majority of the metal surface, and therefore, 
reduce the current required to achieve protection. One of the main 
applications of this combined protection system of metals is the 
mitigation of external corrosion in pipelines. However, excessively 
negative CP potentials should be avoided to prevent accelerated 
deterioration of the coating and hydrogen embrittlement.1-4 
 The protection of buried steel pipelines can be particularly 
challenging. Soils are a highly resistive, dynamic and heterogeneous 
corrosive environment and this produces uncertainty in the 
polarization values achieved by CP.5-7 In addition, pipelines are prone 
to pick up stray currents that can neutralize the effect of CP and, in 
extreme cases, even produce local anodic polarization.8 But of most 
importance is the incidence of disbonded coatings as the result of 
coating adhesion loss. Disbonded coatings produce crevices on the 
steel pipeline surface that shield the CP current and induce local 
corrosion environments (Fig. 1.1). These coating defects are 
considered the worst case scenario for pipeline protection and are 
commonly associated to several forms of localized attack on buried 
pipelines.4, 9-12 Therefore, there is a need for corrosion evaluation 
techniques in order to assess the effectiveness of the CP systems. 
Chapter 
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Fig. 1.1 Cross-section of a disbonded coating. 
The main corrosion evaluation method currently employed for 
pipelines is the use of in-line inspection (ILI) tools.13 Although these 
tools can map the condition of long pipeline sections, they are 
expensive, have a limited sensitivity and, above all, can only produce 
average information between consecutive runs (typically 5 to 15 
years). Other methods, such as potential surveys, are used more often 
and can help to control corrosion by providing information regarding 
coating defects and effective CP potentials.14, 15 These surveys are, 
however, not able to measure corrosion rates. Thus, there is a need 
for additional methods capable of frequently and cost effectively 
evaluating corrosion rates under CP. The use of corrosion monitoring 
probes (or sensors), placed at strategic locations, could satisfy this 
need. Nonetheless, there are several challenges that those sensors 
must overcome in order to obtain representative information:
x Reproducing the pipeline surface on the sensor. Coating defects 
such as disbonded coatings generate heterogeneous conditions 
over the metal surface. Corrosion sensor should be able simulate 
such defects to obtain representative information. 
x Measuring localized corrosion. The high pH environment induced 
by CP makes localized forms of attack more likely to occur on 
buried pipeline surfaces, therefore any corrosion sensor should be 
able to measure not only corrosion rates, but also their distribution.  
x Probing electrochemistry under CP. CP limits the use of traditional 
electrochemical methods conceived to evaluate corrosion around 
the open circuit potential, where the anodic and cathodic current 
densities are similar.  
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x Simulating complex and variable environment. Soil chemistry can 
be affected by several factors such as local weather. Therefore, 
sensors should be able to operate without previous knowledge of 
the corrosive media. 
Unfortunately, current corrosion monitoring sensors are unable 
to satisfy these requirements. 
In conclusion, the high degree of complexity and variability of 
soils, together with the many factors affecting CP performance and the 
high risk related to corrosion under a disbonded coating, sees the need 
for the development of a more realistic and reliable sensor. Such a 
sensor has to be capable of providing information regarding corrosion 
rates and their distribution under the influence of CP without requiring 
additional information such as Tafel coefficients or soil resistivity. 
 SCOPE AND AIMS
The work documented in this thesis investigates methods to 
electrochemically evaluate corrosion under the influence of CP. The 
specific aims of the research project are as follows: 
x Based on the literature, identify possible methods for 
external corrosion monitoring of cathodically protected 
pipelines. 
x Explore new techniques for evaluating corrosion rates and 
their distribution on bare metal surfaces under CP. 
x Develop new techniques for evaluating corrosion rates and 
their distribution within disbonded coatings under CP. 
x Use techniques developed in this research to expand the 
knowledge regarding corrosion under disbonded coatings. 
 THESIS OVERVIEW 
The literature review supporting the research documented in 
this thesis is presented in Chapter 2. The first section of this chapter 
consists of a published paper that reviews the current corrosion 
inspection and monitoring methods relevant to the on-shore pipeline 
industry. In this paper, the desirable characteristics of electrode arrays 
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as corrosion monitoring tools were identified. Particularly, their ability 
to evaluate current distributions at an externally fixed potential has 
been proven fundamental to this research. 
The second section of Chapter 2 provides a critical review of 
the literature related to disbonded coatings. Of particular interest is the 
work of some authors16-20 who used artificial crevices to simulate 
disbonded coatings and a small number of linked electrodes to study 
the distribution of CP currents within them. Although their works 
focused on the shielding of cathodic currents, occasional anodic 
current densities can be noticed in their results.16, 18 Unfortunately, 
these anodic currents and any practical implication of their detection 
was overlooked. Based on these observations, it was hypothesized 
that the heterogeneous condition produced by the presence of a 
crevice over the electrode array’s surface could allow the evaluation 
of the anodic currents generated by the metal dissolution reaction 
even when CP is being applied. 
 The experimental endeavor documented in this thesis is 
divided into four parts, forming Chapters 3 to 6. In order to evaluate 
the hypothesis mentioned above, an electrode array was combined 
with a crevice to develop a sensor namely differential aeration sensor 
(DAS). Chapter 3 focuses on the development of this methodology. 
The results of an initial proof of concept study showed that although 
anodic currents were consistently found within the crevice area, there 
was a poor correlation between observed and calculated corrosion 
patterns. In order to find the cause of this miscorrelation, the 
methodology was systematically revised and improved. After this 
improvement, a good correlation between actual and calculated 
corrosion patterns was achieved for the electrodes exposed inside the 
crevice. Nevertheless, it was also noted that this method is unable to 
evaluate corrosion at the electrodes exposed outside the crevice 
areas. 
Chapter 4 is divided into two sections that correspond to two 
published papers. The first section presents a data analysis method, 
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namely corrected currents, capable of estimating corrosion rates and 
patterns based on the analysis of the uneven distribution of CP 
currents obtained over the surface of the electrode array when this is 
directly exposed to the bulk solution. The second section of this 
chapter, further elaborates on the development of the DAS. 
Furthermore, the reasons for the detection of anodic currents under 
CP are explained and the calculated metal losses are compared with 
surface profilometry measurements. In addition, the corrected currents 
method is adapted to the DAS in order to overcome some of its 
limitations. 
Chapter 5 contains a published paper focusing on the study of 
the distribution and evolution of cathodic current densities under 
disbonded coatings by means of the DAS. Based on the observed 
effects of environmental and geometrical variables over the 
distribution of CP currents, an electrochemical model was proposed. 
This model not only explains the observed behavior, but also identifies 
the necessary conditions in order to ensure effective CP across 
disbonded areas, independently of their size or the solution 
conductivity. This prediction is in agreement with potential profiles 
available in the literature. 
Considering the scarce information available in the literature 
regarding corrosion and CP effectiveness under disbonded coatings 
in soil conditions, Chapter 6 the DAS was used to study the effect of 
solid and gaseous phases on the distribution of currents under 
disbonded coatings. It was found that at moderate CP potentials (i.e. 
when no hydrogen evolution occurs) the main effect of soils is to slow 
the transport of oxygen. When excessively negative CP potentials 
were applied (i.e. potentials negative enough to produce a significant 
amount of hydrogen), it was found that hydrogen is able to float 
through the soil, but not as easily as in solution, generating significant 
CP shielding. In addition, it was observed that hydrogen could get 
trapped inside disbonded areas depending on their orientation. Finally, 
the effect of non-saturated soils on the corrosion susceptibility under 
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disbonded coatings was also studied. It was found that when the 
crevice is only partially filled with solution and isolated solution pockets 
are formed, corrosion rates increase dramatically.  
Chapter 7 summarizes the key findings documented in this 
thesis and recommends further work regarding the development of the 
corrosion monitoring techniques proposed and the study of corrosion 
under disbonded coatings. 
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LITERATURE REVIEW 
 INSPECTION AND MONITORING OF EXTERNAL CORROSION 
OF BURIED PIPELINES 
This section consists of a published paper that reviews the 
major corrosion inspection and monitoring techniques used to assess 
external corrosion of buried pipelines. It is found that most of the 
actions currently taken to evaluate corrosion of pipelines qualify as 
inspection methods (i.e. their objective is to assess the state of the 
structure at a given moment in time). This approach aims to ensure 
that pipelines are fit for service and to identify areas that require 
maintenance. While effective, this approach provides little in situ 
information regarding ongoing corrosion problems and the 
performance of the operating CP and coating systems. This brings up 
the need for methods capable of generating such in situ information 
cost effectively. The principal external corrosion monitoring 
technologies proposed to perform this task are reviewed, highlighting 
the challenges that must still be overcome in order to provide 
representative information for the pipeline industry.  
This paper, however, does not detail the possible corrosion 
mechanisms that affect pipelines. Therefore, the second part of this 
literature review will focus on disbonded coatings, which are 
considered to be one of the worst corrosion threats for buried 
pipelines. 
Chapter 
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 CORROSION UNDER DISBONDED COATINGS 
As indicated in the previous section, most corrosion monitoring 
sensors operate not by measuring the corrosion occurring on the 
monitored structure, but that occurring on their own surface. 
Therefore, the sensors’ ability to replicate the conditions of the 
structure’s surface is of paramount importance in order to obtain 
meaningful results. Particularly on pipelines, the presence of thick 
barrier coatings and CP must be considered.  
The surface of a pipeline is heterogeneous; coatings are 
applied in two stages, resulting in two sets of properties at the linepipe 
and field joints.1 In addition, repairs through the pipeline service life 
are likely to be performed using coatings different from the original. 
More importantly, coating defects produced by application errors, 
coating degradation or third part interaction, can be generated at 
unpredictable locations over the pipeline. Therefore, it would be 
impractical to attempt to simulate the various surface conditions of 
such a complex system. Instead, taking a conservative approach, a 
sensor should be designed in order to reproduce those surface 
conditions that are more likely to lead to corrosion. In this way, low 
corrosion rates measured by the sensors would indicate that the same 
or lower corrosion rates are occurring anywhere along the structure. 
Coating defects where the bulk environments comes in direct 
contact with the metal substrate (known as coating holidays) represent 
a serious corrosion threat. Under these conditions, it is relied on the 
CP system to keep corrosion rates within acceptable levels. However, 
CP could be locally ineffective due to incorrect settings, the presence 
of rocks and other large solid bodies, or the presence of stray currents 
exiting the pipe. Bounded by their inability to evaluate corrosion in 
more complex heterogeneous conditions, most of the corrosion 
sensors presented in the previous section aimed at simulating and 
assessing pipeline corrosion due to this type of coating defects. 
However, it is not the coating holiday itself, but rather disbonded 
coatings that may arise as a result, which are considered the kind of 
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coating defect more likely to lead to severe corrosion issues in 
pipelines.2-15 This section reviews the information currently available 
in the literature related to disbonded coatings. Particular attention is 
paid to the evolution of the environment produced at the solution 
trapped within the crevice formed between the disbonded coating and 
the metal substrate. 
Pipeline coatings 
Barrier coatings are used on pipelines to isolate the underlying 
steel from the corrosive environment and to reduce the total current 
required from the CP system. One of the first coatings used for buried 
pipelines was based on coal tar, before it was replaced with asphalt 
coatings due to its carcinogenic effects.16, 17 Asphalt coatings were 
used as a single layer or as a primer in two-layer polyethylene 
coatings.18 However, they were later abandoned due to their lack of 
flexibility at low temperatures and high levels of toxic fumes during 
their application.19 
Since its introduction in the early 80’s the Fusion Bonded Epoxy 
(FBE) was adopted as the main protective coating system for pipelines 
either as a monolayer system or as primer in a multilayer system.20, 21 
Its capacity to interact with the metal substrate results in high levels of 
adhesion. However, the FBE has relatively high water permeability 
when compared to non-polar polymers and its fragile nature can lead 
to surface defects during its manipulation. 
In recent years, the use of multilayer coatings based on a thin 
layer of FBE to achieve good adhesion, and additional polymeric outer 
coating layers to improve the barrier and mechanical properties of the 
assembly has notably increased. Many polymers, such as 
polypropylene,22 polyurethane23 and polyethylene,19, 21, 24-28 have been 
successfully implemented for this purpose. 
The processes used for field joint coatings are similar to those 
used in the linepipe coating. However, the application of epoxy on field 
joints is generally done at significantly lower temperatures, without the 
silane-based or chromate-based treatments that are often used in the 
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factory applied linepipe coatings, resulting in inferior levels of 
adhesion.1, 29 The outer polymeric layers can also be applied as heat 
shrink tapes or jackets of coextruded polymers. 
Coating degradation 
Once the pipe is installed underground, the coating is attacked 
by water and soluble ions from the surrounding soil.1, 30 The diffusion 
process of water throughout the coating follows an Arrhenius 
dependence with temperature.28 Therefore, the hydrothermal test is 
commonly used as an accelerated aging test since it resembles the 
working conditions of the coating.31 Other accelerated aging methods 
include salt spray and UV-light exposure.32 It has been reported that 
water intake in high density polyethylene coatings produces 
plasticization of the amorphous phase33 and polymeric breakage28 
decreasing the glass transition temperature and wear resistance of the 
coating. A decrease in pull off stress has also been reported in epoxy 
coatings.31, 34 Although the permeation of water, oxygen and carbon 
dioxide through the coating could have a detrimental effect over the 
coating’s adhesion to the steel, their rate is considered insufficient to 
cause significant corrosion issues (metal losses higher than 
10 μm/year).35  
However, coatings inevitably have defects where the bulk 
environment would be in direct contact with the steel surface. At this 
point, the CP current would act as a second failsafe to protect the steel, 
promoting the reduction of oxygen and water. Unfortunately, the 
increase in pH produced by these reactions adversely affects the bond 
between the metal substrate and the protective coatings, leading to a 
loss of adhesion (namely cathodic disbondment).36, 37 The 
disbondment mechanism of the coating/steel interface is not fully 
clear, however, alkali reaction with the coating (saponification)38-41 and 
solubilization of a pre-existent oxide film at the metal-coating 
interface36, 42 are two of the most well-known proposed mechanisms. 
A review of these mechanisms can be found elsewhere.35 
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The rate of cathodic disbondment depends on many factors. 
The barrier properties of the coating are believed to have a detrimental 
effect since they promote the development of higher pH environments 
at the interphase.36, 37, 43 The pre-treatment of the steel surface with 
phosphates, silicates and chromates in order to inhibit the cathodic 
reactions can considerably reduce the disbonding rates.29, 34, 36, 44 The 
geometry of the coating defect can also have a significant effect.45 A 
relative indication of the coating resistance to cathodic disbondment 
can be obtained by standard tests that accelerate the disbondment 
processes.46, 47 Nevertheless, it is important to point out that an 
excellent result from these tests is not necessarily indicative of 
negligible formation of disbonded areas over the pipeline’s service life. 
Corrosion under disbonded coatings 
When a coating disbonds from the steel, a crevice is formed 
where the effectiveness of the cathodic protection is reduced due to 
the shielding properties of the coating. This phenomenon promotes the 
development of many types of localized corrosion such as stress 
corrosion cracking (SCC),2-9 deep pitting8-11 and MIC6, 11-15.  
For instance, SCC has been identified as one of the principal 
threats to the pipeline’s safe operation. Under disbonded coatings, two 
different environments, precursors for SCC, were identified. The most 
common type of SCC, known as high-pH SCC, is produced at 
potentials about 100 mV less negative than the steel passivation 
potential at pH between 9 and 11. The cracks found in this case are 
intergranular with slight signs of corrosion on the metal surface 
(Fig 2.1). The other type of SCC is known as near neutral pH SCC and 
occurs at pH between 5.5 and 7.5 in dilute electrolytes containing CO2. 
In this case, the cracks are transgranular with significant evidence of 
corrosion on the metal surface (Fig 2.1).7, 48 Pipelines service records 
show a certain correlation between the coating systems used and the 
number of SCC issues found. In general, near-neutral pH SCC was 
observed more often for coatings with extremely good barrier 
properties, such as two or three layers polyethylene coatings, than for 
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other coating systems such as coal-tar, asphalt and epoxy coatings.7, 
8, 49, 50 On the other hand, high pH SCC has been observed for older 
pipelines coated with coal-tar, asphalt and polyethylene tape coatings. 
There have been no reported high pH SCC failures for modern 
coatings.7 
 
Fig. 2.1 Different types of SCC found under disbonded coatings. 
Cathodic shielding under disbonded coatings 
The high resistivity of the soil solution and the small cross 
section of the crevice between a disbonded coating and a steel 
pipeline produce a high resistance path for the CP current. As a 
consequence, less negative potentials are generated along the crevice 
that, in some cases, can lead to the annulation of CP. This phenomena 
is known as cathodic shielding. The potential gradients associated with 
cathodic shielding were experimentally measured in artificial crevices 
by many authors.14, 15, 48, 51-71 Fig. 2.2 illustrates the typical 
experimental arrangement used in these studies.  
 
Fig. 2.2 Typical simulated disbonded coating experimental setup.14, 15, 48, 51-71 
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Early works reported in the literature focused on evaluating if 
the CP potential criteria of -850mVCSE could be fulfilled despite the 
shielding action of disbonded coatings.51-55 It was found that the 
polarization induced by CP generally follows an exponential decay 
along the crevice.52, 55, 63 Thus, more negative potentials applied at the 
crevice opening usually lead to more negative potentials along the 
crevice. However, this is not the case for CP potentials more negative 
than approximately -1200 mVCSE due to the abundant evolution of 
hydrogen and subsequent blockage of CP current.48, 52, 53, 61, 63, 66 In 
addition, initially pre-rusted surfaces were found to produce potential 
gradients significantly larger than polished surfaces.52, 62, 66 
Consequently, effective CP through direct electrochemical polarization 
cannot be guaranteed for long crevices. 
Local environment under disbonded coatings 
In addition to the CP potential, many studies on cathodically 
protected artificial crevices (Fig. 2.2) also monitored the evolution of 
other environmental parameters such as dissolved oxygen 
concentration,60-62, 65, 66 pH14, 48, 51, 57-62, 64, 66-71 and solution 
conductivity48, 56, 60, 63 at local areas of the crevice.  
Dissolved oxygen concentrations in the cathodically protected 
artificial crevices were found to decrease to negligible values after a 
few days of exposure, independent of the applied CP potential or the 
composition of the test solution.60-62, 65, 66 
In general, pH inside the crevices was found to show two 
distinctive behaviors depending on whether CO2 was being bubbled 
through the test solution or not. In the absence of CO2, pH values 
increased inside the crevice until reaching values between 9 and 12, 
depending mainly on the CP potential applied at the crevice opening.14, 
51, 57, 59-62 This pH increase is induced by the oxygen or water reduction 
reaction products. Typically, pH values increased more rapidly at 
locations closer to the crevice opening, where these cathodic reactions 
can take place at a faster rate. However, due to the OH- diffusion, near 
constant pH values were observed when the system reached the 
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steady state. Only slight corrosion damage was generally observed 
under these high pH conditions and this is attributed by many authors 
to the steel passivation.56, 57, 59, 61, 62, 64 
On the other hand, when CO2 is used to simulate the conditions 
leading to near neutral pH SCC, pH values inside the crevices 
remained between 6.5 and 9, except when very negative CP potentials 
were applied.48 As explained by Charles et al.58, this is produced by 
the generation of a carbonic acid/bicarbonate pH buffer. In general, 
the corrosion rates observed at near neutral pH conditions are larger 
than at high pH.67-69, 71 Interestingly, an interruption of the CO2 supply 
led to a rapid pH increase.58, 68, 70 This indicates that the pH values 
developed inside a crevice under CP are largely independent of the 
initial composition of the solution. 
Conductivity measurements under disbonded coatings 
generally showed an increase from that of the bulk environment,48, 56, 
60, 63 with a greater increase as more negative CP potentials were 
applied.48, 60 It was also noticed that the conductivity changes were 
more apparent for solutions of lower initial conductivity.60, 63 
Measurements of Cl- concentration along the crevice, have shown an 
important decrease from that of the bulk solution.58, 64 
Mathematical models 
Despite the extensive experimental research dedicated to 
understanding the corrosion under disbonded coatings, no clear 
quantitative understanding of the processes affecting the development 
of local environment and corrosion in crevices is currently available. 
Many mathematical models were developed to assist this quest, 
providing a remarkable tool to quantitatively evaluate different 
hypotheses.  
The initial models reported in the literature attempted to 
calculate how the resistance of the electrolyte shields CP under 
disbonded coatings using the Laplace Equation. This modelling 
approach implicitly assumes that the current produced by the diffusion 
of ionic species is insignificant. Schwenk’s72 model allowed the 
  
43 | P a g e
 
analytical calculation of current density and potential profiles produced 
under CP, by assuming a linear or logarithmic relationship between 
current density and potential at the metal surface. Jack et al.55 and Li 
et al.63 showed that Schwenk’s model can be used to fit potential 
profiles obtained experimentally with a good level of agreement. 
However, Li63 found a poor correlation between experimental results 
and the predicted current density profiles. He attributed this 
inconsistency to the possible influence of ions diffusion on the current 
density values. It should be noted that these initial models adopted 
oversimplified boundary conditions for the metal interface. A linear 
relationship between current density and potential would not be able 
to simulate diffusion controlled processes such as oxygen reduction. 
More modern models reported in the literature were developed 
using the Nernst-Plank Equation as the governing equation to study 
the reactive transport of species inside the crevice.73-87 These models 
require the use of finite differences or finite elements, and provide, 
additionally to current and potential profiles, the possibility to study the 
concentration gradients of various species. Sridhar73, 74 used this 
approach and obtained a good agreement between the model 
predictions and experimental values. Song et al. further refined this 
model75, 76 and studied the effect of different crevice geometries,77, 84 
CP interruptions,83 solution convection,81 and the coating 
permeability.85 The latter authors also extended the model for 2D 
geometries78, 79 and transient states.80 Chin et al.86 used a similar 
approach to study the effect of solution conductivity. Allahar et al.87 
also developed a model based on the Nernst-Plank Equation and 
evaluated the contribution of diffusion to the total ionic current 
generated within the crevices. Despite their apparent sophistication, 
the boundary conditions used to calculate the rate of the 
electrochemical reactions at the metal/solution interface was, in all 
cases, oversimplified by disregarding the effect of local composition 
and pH. Therefore, further refinement is still needed before reliable 
predictions of the corrosion rates along the crevice could be obtained. 
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Some authors proposed the use of mathematical models to 
estimate CP levels under disbonded coatings. Li et al.88 used a model 
based on the Laplace Equation to estimate potential and current 
distribution profiles under disbonded coatings in anaerobic soils. 
Subsequently, they performed a statistical analysis based on field 
data, to develop empirical formulas of pit growth rate. Song82 took a 
similar approach to simplify his reactive transport model, achieving the 
same results as those of Li’s88 model and extending them for aerobic 
soils. Both models require information on bulk soil parameters, actual 
CP levels and data regarding typical disbonded geometries in order to 
produce meaningful results. It must also be pointed out that these 
simplified models do not take the chemical changes produced inside 
disbonded areas into consideration. 
CP current distribution under disbonded coatings 
Experimental measurements of current distribution along 
artificial crevices are scarcer in the literature. 14, 57, 60, 63 The typical 
experimental arrangement used for this purpose is similar to that 
illustrated in Fig. 2.2, with the exception that the WE is now made of 
several segments that can be independently interconnected to 
measure the net current flowing through them. To measure the 
current, a Zero Resistance Ammeter (ZRA) or a bi-potentiostat was 
typically used. 
All these studies agree that inside the crevice, current densities 
typically presented lower values at locations further from the crevice 
opening and that the largest cathodic current densities were produced 
outside the crevice.14, 57, 60, 63 It was also reported that applying more 
negative CP potentials or using bulk solutions of higher conductivity 
produced an increment in the cathodic current densities and its 
penetration into the crevice.57, 60, 63 Throughout the tests, the current 
densities registered outside the crevice decreased and the values 
within the crevice became more uniform.63 Most interestingly, from a 
corrosion monitoring point of view, the current density profiles 
presented by Li et al.63 and Brousseau et al.57 show occasional small 
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anodic values inside the crevice. Unfortunately, the practical 
implications of detecting anodic current densities under CP were not 
discussed by these authors.  
  CONCLUDING REMARKS 
As discussed above, corrosion under disbonded coatings is one 
of the most dangerous threats to the continuous operation of a 
pipeline. The environment developed in the crevice can be significantly 
different from the bulk soil and the applied CP can be shielded to 
ineffective values.  
In addition, very little information about cathodic shielding and 
corrosion under disbonded coatings can be obtained by conventional 
assessment methods, especially in non-piggable pipelines. CIPS and 
DCVG methods cannot detect them because the disbonded coatings 
shield the CP in the same way as if the coating were undamaged. 
Additionally, the most used smart pigs (when applicable) have 
difficulties to detect longitudinal cracks associated with the SCC 
produced under disbonded coatings. Moreover, conventional 
corrosion monitoring probes only simulate bare metal exposures to the 
bulk soil with ideally no disbonded regions, consequently providing no 
information on the corrosion under disbonded coatings. As explained 
by Song82 in a recent paper, there is currently no technique capable of 
providing information of the effectiveness of the CP under disbonded 
coatings in the field.  
Considering that soil properties are variated and constantly 
changing, any technique for evaluating corrosion and CP effectiveness 
under disbonded coatings should operate in-situ, without the prior 
knowledge of variables that could be influenced by the environment 
(such as Tafel slopes and soil resistivity). In regard to this, the 
occasional detection of anodic current densities within simulated 
disbonded coatings under CP, suggests a valuable approach for 
evaluation corrosion and its distribution.  
From this literature review, it is proposed that corrosion and 
their distribution under disbonded coatings could be evaluated by 
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measuring the current density distribution over an electrode array 
partially covered by a crevice that simulates a disbonded coating.  
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METHODOLOGY DEVELOPMENT 
An initial experimental setup was used to prove and refine the 
new corrosion monitoring sensor concept proposed in the previous 
chapter. The design of the initial experimental setup was simplified in 
order to facilitate its construction and maximize the use of available 
materials. The aim of the initial proof of concept experiments was to 
identify if anodic currents could actually be detected under CP and if 
these currents could be correlated with the actual corrosion damage 
observable over the electrode array surface. In addition, the results 
obtained with this setup allowed to identify unforeseen issues that 
should be accounted for in the design of the improved experimental 
setup. 
  PROOF OF CONCEPT 
Experimental design 
The corrosion monitoring sensor consists of two main 
components, an electrode array used to simulate the continuous 
metallic surface of the pipeline, and a cover used to simulate a 
disbonded coating. The WBE illustrated in Fig. 3.1, was used as 
electrode array for the sensor. The array consisted of 100 steel 
(UNS NºG10350) wires 1.59 mm in diameter. The electrodes were 
arranged in a 10 by 10 array of 18.5 mm by 18.5 mm. The exposed 
surface of each electrode corresponded to the cross section of the 
wires. Each electrode had an independent electrical connection, and 
all the one hundred electrical connections were routed out the array 
by the back of its epoxy body. Prior to each test, the electrode array 
surface was abraded using SiC papers to a final finish of 1200 #, 
washed with absolute ethanol and dried with acetone. 
Chapter 
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Fig. 3.1 WBE used as electrode array (all dimensions in mm). 
In order to simulate a disbonded coating, the electrode array 
was partially covered with a 0.9 mm thick polymethyl methacrylate 
(PMMA) cover as illustrated in Fig. 3.2. A 0.9 mm thick U-shaped 
spacer was interposed between the electrode array and the PMMA as 
indicated in Fig. 3.2 to control the crevice gap. The solution ingress 
along the external edges of the array was limited by using a clear 
silicon sealer. The sensor was left to cure overnight with a 500 g weight 
over the PMMA cover. 
 
Fig. 3.2 Crevice setup. 
Once the silicon sealer was cured, the crevice was filled with 
solution using a syringe and the sensor was placed facing down in a 
1 L cylindrical electrochemical cell (Fig. 3.3). The test solution selected 
for this initial proof of concept was, in all cases, 0.01 M Na2SO4 
prepared from analytical grade reagents and ASTM D1193 type 1 
water.1 Air was bubbled through the test solution overnight to ensure 
oxygen saturation at the beginning of the test. During the tests, the 
solution was kept open to air. All potentials were measured against a 
Ag/AgCl/Sat. KCl reference electrode placed at a consistent distance, 
in front of the crevice opening. The counter electrode consisted of a 
single 4.5 mm diameter graphite rod installed on one side of the 
  
51 | P a g e
 
sensor. For some tests a 40 mm magnetic rod was used to stir the 
solution at 300 rpm. 
The current interrupt technique was used to evaluate the 
contribution of IR-drops to the potentials measured on each 
experimental condition. For this purpose, CP was applied to the 100 
electrodes of the sensor for 30 min and then interrupted. The potential 
increase was measured immediately after the CP interruption with a 
sampling rate of 1000 Hz using a Bio-logic VSP potentiostat. The first 
potential measurements after the interruption was considered the true 
CP potential applied. 
Fig. 3.3 also illustrates the instrumentation used to measure the 
net current flowing throughout each electrode in the array, while 
maintaining the whole array under CP. A custom-made programmable 
multiplexer was used to distribute the electrical connections 
corresponding to the 100 electrodes into two output terminals (WE1 
and WE2). At all times, 99 electrodes were connected to the WE1 and 
a single electrode was connected to WE2. An ACM-Gill AC 
potentiostat acting as zero resistance ammeter (ZRA) was interposed 
between WE2 and WE1 to constantly measure the current flowing 
throughout the electrode connected at WE2 at a sampling rate of 
10 Hz, while maintaining WE2 and WE1 (i.e. the whole array) at the 
same potential. During the measurement, the multiplexer shifts the 
electrode connected to WE2 was switched every 10 s following a 
predetermined sequence that scanned the whole array. A Bio-logic 
VSP potentiostat was used to maintain the sensor under potentiostatic 
CP at -733 mVAg/AgCl, -1133 mVAg/AgCl and -1233 mVAg/AgCl. Current 
distribution scans were performed every 20 min during 24 h immersion 
test. At the end of each test, the sensor was removed from the solution, 
photographed and the pH inside the crevice was measured with pH 
indicator paper. The current signals obtained by the ZRA were 
post-processed with an ad-hoc MatLab 2012b script. All tests were 
conducted at a controlled room temperature of approximately 22 ºC. 
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Fig. 3.3 Experimental setup used for the proof of concept.
Results and discussion 
Currentdensitydistribution
The distribution of current over the sensor’s surface is 
presented in current density maps where the values of the first two 
columns of electrodes correspond to the uncovered area outside the 
crevice. In these maps, cathodic current densities are presented as 
negative values while anodic current densities are presented as 
positive. Fig. 3.4 shows the results from the sensor after 24 h of 
immersion in stagnant solutions at different CP potentials. In all cases, 
anodic current densities were registered by several electrodes in the 
array. Except for a large anodic area formed at the crevice opening at 
most negative CP potential, the number and magnitude of these 
anodic current density areas decreased as more negative CP 
potentials were applied. This trend is expected considering that a more 
negative CP potential represents a larger driving force for the CP 
currents to penetrate into the crevice. 
Within the crevice, large cathodic current densities were 
registered at the lateral edges of the electrode array. The presence of 
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these cathodic areas can be explained by the solution trapped around 
the gaps associated with the spacer (see Fig. 3.2). This solution would 
act as an additional source of oxygen to the lateral electrodes and as 
a lower ionic resistance path for the CP current, both leading to an 
increase in the cathodic activity around the edges. Outside the crevice, 
the magnitude of the cathodic currents registered by the array 
increased as more negative CP potentials were applied. This 
increment in the cathodic current densities can be explained by the 
contribution of the hydrogen evolution reaction to the overall cathodic 
reaction. Anodic areas were also detected outside the crevice, 
especially at the two most negative CP potentials, at which the rate of 
hydrogen evolution was significant. These anodic areas outside the 
crevice are related to the fact that the active surface of the sensor was 
facing down during the tests, allowing the accumulation of hydrogen 
bubbles at the mouth of the crevice. Fig. 3.5 shows the bubbles after 
24 h of immersion in the corresponding conditions to Fig. 3.4c. The 
location that shows a large gas bubble in Fig.3.5 is the same location 
that shows anodic currents in Fig. 3.4c. Due to the geometry of the 
WBE and the electrochemical cell used in this particular setup, it was 
not possible to change the orientation of the sensor.  
 
Fig. 3.4 Current density distribution maps after 24 h of immersion in 0.01 M 
Na2SO4 stagnant solutions at applied CP potentials of a) -733 mVAg/AgCl, 
b) -1133 mVAg/AgCl and c) -1233 mVAg/AgCl. 
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Fig. 3.5 Hydrogen bubbles accumulated at the crevice mouth after 24 h of 
immersion under an effective CP potential of -1006 mVAg/AgCl using the large 
gap size. 
In an attempt to disperse the hydrogen bubbles and allow a 
better measurement of the current gradients along the sensor’s 
surface, the solution was stirred using a magnetic rod. The current 
density distribution maps after 24 h of immersion in stirred solutions, 
in conditions equivalent to those presented in Fig. 3.4, are presented 
Fig. 3.6. In all cases, a marked increase in cathodic current densities 
outside as well as inside the crevice was found. No large sized 
hydrogen bubbles were observed at the mouth of the crevice. The 
increase in the cathodic currents can be explained by an increase in 
the oxygen access due to the reduction of the diffusion limit layer 
thickness produced by the solution forced convection. However, it is 
important to point out that the protection was incomplete, even for the 
most negative CP potentials.  
  
Fig. 3.6 Current density distribution maps after 24 h of immersion in 0.01 M 
Na2SO4 stirred solutions at applied CP potentials of a) -733 mVAg/AgCl, 
b) -1133 mVAg/AgCl and c) -1233 mVAg/AgCl. 
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For all tests performed in stagnant solutions, significant 
changes in the current distribution maps were observed throughout the 
tests. Fig. 3.7 presents the evolution of the current density maps at an 
applied CP potential of -733 mVAg/AgCl. Inside the crevice it can be 
observed that as the test progresses the magnitude of the current 
densities decreases, possibly due to the oxygen consumption. The 
evolution of the distribution of current at an effective CP potential 
of -1006 mVAg/AgCl is presented in Fig. 3.8. It can be observed that as 
the test progresses the anodic area outside the crevice produced by 
the accumulation of hydrogen bubbles grows until it reaches a stable 
size. In contrast, when the solutions were stirred, little changes were 
observed in the current density maps throughout the tests. 
Presumably this is because the solution within the crevice was 
constantly renovated and hydrogen bubbles were constantly cleared 
away from the sensor’s surface. 
The current interrupt technique registered significant IR-drops 
in all cases. As expected, IR drops were larger as more negative CP 
potentials were applied. Also, when comparing between stagnant and 
stirred solutions, for the same applied CP potential, significantly higher 
IR drops were found when the solutions were stirred. These 
observations suggest that as the magnitude of the cathodic currents 
increases, so does the IR-drop.  
In addition, the current maps showed extensive changes 
through the test performed at any particular condition. This changes 
could had been due to a gradual consumption of oxygen within the 
crevice, changes in the solution pH and solution conductivity. As a 
consequence of this changes, the total current supplied to the 
electrode array and the IR-drop component would also have change 
through any particular test. Therefore, the current interrupt technique 
might not be suitable for these experiments because controlling the 
CP-ON potential value would lead to unstable CP-OFF potentials. 
Thus, in order to attain a more direct control over the CP potentials 
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applied, actions should be taken to minimize IR-drops in future 
experiments. 
  
Fig. 3.7 Current density distribution at different times of immersion in 0.01 M 
Na2SO4 stagnant solutions at an effective CP potential of -709 mVAg/AgCl. 
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Fig. 3.8 Current density distribution at different times of immersion in 0.01 M 
Na2SO4 stagnant solutions at an effective CP potential of -1006 mVAg/AgCl. 
Accumulatedcorrosion
Fig. 3.9 and 3.10 present images of the electrode array surface 
and metal loss distributions calculated from electrochemical data after 
24 h of immersion at different CP potentials. The metal loss distribution 
maps were calculated using Faraday’s Law over the charge 
corresponding to only the anodic currents detected by each electrode 
of the array throughout the tests. 
In stagnant (Fig. 3.9) as well as in stirred solutions (Fig. 3.10), 
the array surface presented less corrosion as more negative CP 
potentials were applied. When the solutions were stirred (Fig. 3.10), 
the array surface was more intensively attacked, presumably due to 
the greater access to oxygen and the less negative effective CP 
potentials attained. The metal loss maps generally followed the same 
trends, presenting larger metal losses in stirred solutions and a less 
negative CP potentials. When examining the maps in Fig. 3.9 and 
Fig. 3.10 more carefully, some degrees of correlation between the 
corrosion patterns observed at the electrode array’s surfaces and the 
metal loss distribution maps calculated from electrochemical data can 
be observed. These observations suggest that the anodic currents 
detected by the array could be related to the metal dissolution reaction. 
However unfortunately, it should be noted that the correlation between 
the corrosion pattern observed at the electrode array’s surface and the 
metal loss distribution maps calculated from electrochemical data is 
far from certain, and many deviations were found, due to causes 
unknown at this proof of concept stage of the project. For instance, the 
metal loss map on Fig. 3.9a presented a relatively high metal loss area 
on the top-right corner of the crevice, but almost no corrosion was 
observed over the electrode array’s surface in the same area. 
Likewise, on Fig. 3.9c, a large corroded area was observed at the 
top-center of the array in the metal loss map, while the surface of the 
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array presented only minor signs of corrosion in the same area. 
Furthermore, outside the crevice and along the edges of the array, 
where cathodic currents were dominant, the metal loss maps show 
almost no corrosion, while clear signs of attack can be observed in 
most cases. 
 
Fig. 3.9 Images of the electrode array surface (top) and calculated metal loss 
distribution maps (bottom) after 24 h of immersion in stagnant 0.01 M Na2SO4 at 
effective CP potentials of a) -709 mVAg/AgCl, b) -983 mVAg/AgCl and 
c) -1006 mVAg/AgCl. 
 
Fig. 3.10 Images of the electrode array surface (top) and calculated metal loss 
distribution maps (bottom) after 24 h of immersion in stirred 0.01 M Na2SO4 at 
effective CP potentials of a) -542 mVAg/AgCl, b) -747 mVAg/AgCl and c) -817 mVAg/AgCl. 
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Conclusions of the proof of concept 
The results of the proof of concept support that even under CP 
conditions, the anodic currents produced by the metal dissolution 
reaction can be directly detected by the sensor. Despite the correlation 
between corrosion patterns at the electrode array surface and the 
metal loss maps remains non-conclusive, both followed a similar 
general trend presenting larger metal losses and more signs of 
corrosion as more aggressive conditions were used.  
This first set of experiments also provided the opportunity to 
identify the aspects of the experimental setup that required further 
refinement. In particular, it was identified as follows: 
x The use of the current interrupt technique at discrete intervals is not 
appropriate for estimating IR-drops, due to the constant evolution of 
the current density maps throughout the tests. 
x Adequate orientation of the crevice is critical to allow hydrogen 
bubbles to clear away from the sensor, when sufficiently negative 
CP potentials are applied. 
x The crevice should be redesigned to minimize the large cathodic 
areas observed under the crevice, along the edges of the array. 
Also, the use of silicone sealers should be avoided due to the long 
curing times.  
 EXPERIMENTAL REFINEMENT 
Improved electrochemical cell design 
Fig. 3.11 illustrates the electrochemical cell designed to correct 
the limitations of the experimental setup used during the initial proof of 
concept. This cubic 2.5 L electrochemical cell had a flange connection 
on one side for installing the sensor in such way that the crevice 
opening be facing upwards, reducing the accumulation of hydrogen 
bubbles. In addition, a Luggin capillary was introduced in order to 
minimize IR-drops. The tip of the capillary was positioned 4 mm in front 
of the portion of the array exposed outside the crevice. The counter 
electrode consisted of two graphite rods 4.5 mm in diameter that 
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provided an exposed area ratio with respect to the sensor of 
approximately 12 to 1. The cell lid was designed to keep the distance 
between the electrode arrays, Luggin capillary and counter electrodes 
constant and to compensate for the length reduction of the WBE 
produced by the repeated abrading process. 
 
Fig. 3.11 Electrochemical cell. 
Improved crevice design
The PMMA cover was redesigned to incorporate a rubber seal 
as close to the electrode array as possible in order to minimize the 
formation of large cathodic areas along the array lateral edges 
(Fig. 3.12). To keep the rubber seal in position, a groove was 
machined into the PMMA cover with a depth of half the seal’s nominal 
diameter. Except for this groove, the face of the PMMA cover facing 
the electrode array was flat. The crevice gap was controlled 
interposing spacers between the PMMA cover and the array epoxy 
body at the locations indicated in Fig. 3.12. Two PMMA covers of 
slightly different dimensions were used to produce crevice gaps of 
0.25 mm and 1 mm. The PMMA cover was attached to the electrode 
array body using four stainless steel AISI 316 screws. This new crevice 
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design does not make use of the silicone sealer and therefore does 
not require to wait overnight for it to cure. 
 
Fig. 3.12 Improved crevice design. 
Results and discussion
A 24 h immersion test was performed in 0.01 M Na2SO4. During 
the test, the applied potential was changed every 3 h in steps of 
100 mV from -530 mVAg/AgCl to -1230 mVAg/AgCl. The instrumentation 
setup used to map the distribution of current over the sensor’s surface 
remained the same as that described in Section 3.1. During the test, 
the current distribution was mapped every 20 min. The current 
interrupt technique was used between consecutive maps, to estimate 
IR-drops at each of the potentials applied.  
Fig. 3.13 presents the last current distribution map obtained at 
each applied potential. When the potentials were less negative than 
the steel corrosion potential for this system 
(approximately -660 mVAg/AgCl), all the current densities detected by 
the array were anodic and larger currents were observed when less 
negative potentials were applied. This behavior is understandable 
considering that at these potentials the sensor was being anodically 
polarized. Inside the crevice, the anodic current densities showed a 
gradient, presenting lower magnitudes at locations deeper into the 
crevice. This gradient is presumably produced by the shielding effect 
of the crevice over the anodic current. 
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At -730 mVAg/AgCl and more negative applied potentials, the 
array was under CP and cathodic current densities were consistently 
measured outside the crevice under these conditions. At potentials 
between -730 mVAg/AgCl and -930 mVAg/AgCl, the current distribution 
maps remained mostly unchanged, presumably because at these 
potentials oxygen reduction is the main cathodic reaction and its 
kinetics are controlled by diffusion. At more negative CP potentials, the 
magnitude of the cathodic currents outside the crevice increased 
dramatically and a gradient of cathodic currents was observed within 
the crevice. This behavior could be explained by the contribution of 
hydrogen evolution as the main cathodic reaction at these potentials.  
  
Fig. 3.13 Current density maps obtained in stagnant 0.01 M Na2SO4 at various 
applied potentials. 
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The results presented in Fig. 3.13 are also evidence of the 
improvements that the new electrochemical cell and crevice design 
produced over the methodology. The IR-drops values estimated by the 
current interrupt technique were lower than 20 mV, even at the most 
negative CP potential applied. Thus, the use of the Luggin capillary 
proved to be a successful way to achieve real time control over the CP 
potentials. The current density maps do not show the presence of large 
cathodic areas around the edges of the array, indicating that the new 
crevice design achieved its main purpose of avoiding excessive 
cathodic reactions along the edges of the array. The change in the 
orientation of the crevice with respect to the initial proof of concept 
produced a significant improvement. Even at the most negative CP 
potential, where hydrogen evolved vigorously, bubbles were generally 
able to float away from the crevice as shown in Fig. 3.14. 
Consequently, the impact of hydrogen bubbles over the current 
density maps was significantly reduced. 
 
Fig. 3.14 Accumulation of hydrogen bubbles over the array surface in stagnant 
0.01 M Na2SO4 at -1230 mVAg/AgCl. 
Fig. 3.15 presents a selection of the current distribution maps 
obtained during a 23 h immersion in 0.01 M NaCl at a constant CP 
potential of -730 mVAg/AgCl. Outside the crevice, the cathodic current 
densities were consistently detected through the test, while inside the 
crevice, virtually constant anodic current densities were detected by 
the array for most of the test duration. A comparison between the 
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surface of the electrode at the end of the test and the calculated metal 
loss map are presented in Fig. 3.16. The surface of the array 
presented signs of corrosion around the edges of the crevice area and 
outside the crevice as well. The correlation of this corrosion pattern 
with the metal loss map was poor. The metal loss map presented a 
virtually constant corrosion pattern inside the crevice and no metal 
losses were detected outside it.  
 
Fig. 3.15 Current density maps at selected times of immersion in stagnant 0.01 M 
NaCl at a CP potential of -730 mVAg/AgCl. 
 
Fig. 3.16 Image of the electrode array surface (left) and calculated metal loss 
distribution map (right) after 23 h of immersion in stagnant 0.01 M NaCl at a CP 
potential of -730 mVAg/AgCl. 
In an attempt to identify the cause of the disparity in the 
corrosion patterns observed, the summation of the current measured 
by each electrode of the array was compared to the current supplied 
by the potentiostat controlling the CP. Fig. 3.17 presents the results of 
such comparison for the same experiment. As can be observed, there 
is a difference of about 0.015 mA between the summation of the 
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currents recorded by the array and the current recorded by the 
potentiostat controlling the CP. This discrepancy of about 60% of the 
total current represents a violation of the principle of conservation of 
charge, therefore its root cause was unlikely to be related to the 
electrochemical process, but to an instrumentation issue. Therefore, a 
careful verification and calibration of the instrumentation was required 
to address this issue. 
 
Fig. 3.17 Comparison between the total net current recorded by the potentiostat 
controlling CP and the summation of currents measured for each current 
distribution map. 
 INSTRUMENTATION VERIFICATION AND CALIBRATION 
Considering the results presented in Fig. 3.17, a thorough 
examination of the instrumentation used was conducted. The 
potentiostat acting as ZRA was the main focus of our efforts, because 
of the apparent violation of the conservation of charge observed.  
Zero resistance ammeter 
For this work an ACM Gill-AC potentiostat was used as a ZRA. 
This potentiostat was selected due to its floating ground capabilities 
that allows to use it in combination with a second potentiostat in charge 
of controlling the CP potential, without generating ground loops. 
Unfortunately, the user interface of this potentiostat used as ZRA was 
not clear on the description of many parameters. In particular, in the 
ZRA mode, the meaning of the “internal counter resistor” (indicated in 
Fig. 3.18) was not obvious. According to the literature,2 modern ZRAs 
use a resistor to determine the current range in which they operate. 
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Despite the fact that the ZRA provided an option to auto range before 
and during the measurements, it was found that these functions were 
not reliable and often lead to a poor choice of the resistor, saturating 
the ZRA. Therefore, a more detailed understanding of the effects of 
the internal counter resistor on the measurement results was needed.  
Fig. 3.19 illustrates the basic circuitry of a transimpedance (or 
inverter) amplifier, which is the core of modern ZRAs. The 
transimpedance amplifier converts an input current signal into an 
output voltage signal producing a small disturbance on the measured 
circuit. One of its main components is an operational amplifier 
(represented by a triangle in Fig. 3.19). Operational amplifiers are 
integrated circuits characterized by the following ideal behavior: 
1. No current can flow through the inverting (-) and non-inverting 
(+) inputs. 
2. When connected in a feedback configuration, the output voltage 
will be such that the voltage at the inputs terminals is equalized.  
 
Fig. 3.18 ZRA user interface. 
Under these conditions, the input current (Iin) cannot enter into 
the operational amplifier (rule 1) and must flow through the resistor. 
Since the resistor is connected in a feedback loop, the output voltage 
would be such that the voltage at the inverting input of the operational 
amplifier equals the ground voltage applied to the non-inverting input 
(rule 2). Since the input current flows through the resistor from left to 
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right, the output voltage must be equal to - Iin.R. Since the same 
voltage is achieved at both input terminals of the operational amplifier 
(rule 2), the current being measured flows between the input terminals 
without producing a voltage drop. According to Ohm’s Law, this would 
be equivalent to state that the circuit has zero equivalent resistance, 
as the term ZRA indicates. 
The transimpedance output voltage is fed to an analog to digital 
converter (ADC) that digitizes the signal to be processed by the 
computer. The ZRA used had an ADC resolution of 12-bit (i.e. the 
current signal could take one of 212=4096 discrete values). For most 
applications 12-bit resolution is sufficient, however the measurement 
of current throughout the electrode array introduces some particular 
challenges. Having only part of the array covered by the crevice, the 
range of currents measured can be very broad, especially when CP 
potentials negative enough to generate large amounts of hydrogen are 
applied. Thus, the internal resistor should be small enough to avoid 
saturating the analogue to digital converter. On the other hand, the 
internal resistor value cannot be excessively small, because the small 
currents produced inside the crevice by the typically small array 
electrodes would not be resolved by the ADC.  
In order to assess the ZRA’s performance, open circuit current 
measurements were taken for each internal resistor value. At open 
circuit, the current measured by the equipment should be zero (Iin=0). 
However, the electronic noise produced by the operational amplifier’s 
non-ideal behavior, among others, would still generate a small 
apparent current. Fig. 3.20 presents the results of the open circuit 
current measurements. In general, a linear relationship is observed, 
with noise currents decreasing by an order of magnitude when an 
internal resistor an order of magnitude larger is selected. 
 68 | P a g e
 
 
Fig. 3.19 Simplified circuitry of a transimpedance amplifier. 
The internal resistor selected for all the experiments performed 
up to this point was 1 Kȍ. As observed in Fig. 3.20, the noise current 
for this resistor was around 3E-04 mA. If this noise current value is 
multiplied by the number of electrodes in the array, a total current of 
0.03 mA is obtained. This current is of the same order of magnitude 
as the offset shown in the total current flowing through the array shown 
in Fig. 3.17, suggesting that the noise current could be part of the 
current registered at each electrode. Based on this information, the 
internal resistor was increased to 100 Kȍ. The total off-set in current 
for this resistor value should be 0.0003 mA, and the noise current 
contribution to the current densities measured at each electrode 
should be lower than 0.2 μA/cm2. 
 
Fig. 3.20 Noise current recorded at open circuit for each ZRA internal resistor. 
Results and discussion
In order to evaluate if the new internal resistance selection 
solved the issues found with the results of the previous immersion test, 
these experiments were repeated. Similar to Fig. 3.17, Fig. 3.21 
presents a comparison of the total current supplied by the potentiostat 
controlling the CP and the summation of all the currents registered by 
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the array. A consistent overlap between both currents can be observed 
throughout the whole test, indicating a significant improvement.  
 
Fig. 3.21 Comparison, after correction of ZRA settings, between the total net 
current recorded by the potentiostat controlling CP and the summation of currents 
measured for each current distribution map. 
The current density maps obtained using a 100 Kȍ internal 
resistor (Fig. 3.22) presented significant changes from those obtained 
under the same conditions, while using a 1 Kȍ internal resistor 
(Fig. 3.15). Outside the crevice, where large currents were registered, 
the behavior was similar to that in Fig. 3.15. However, inside the 
crevice the behavior changed significantly, where current densities 
were mostly lower than 1 μA/cm2 and the detection of anodic sites was 
less common than in previous experiments. Anodic areas became 
apparent soon after the beginning of the test and disappeared after 
several hours. 
 
Fig. 3.22 Current density maps after correction of ZRA settings. Results at 
selected times of immersion in stagnant 0.01 M NaCl at a CP potential 
of -730 mVAg/AgCl. 
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Fig. 3.23 presents a comparison between the metal loss map 
and the actual corrosion pattern found on the electrode array at the 
end of the test. Calculated metal losses in Fig.3.23 are ten times 
smaller than those reported in Fig. 3.16, however they are consistent 
with the superficial damage observed. A high level of correlation in the 
patterns can be found inside the crevice. 
However, it should be noted that the sensor is still incapable of 
measuring metal losses outside the crevice. This is a limitation of the 
direct application of Faraday’s Law to the anodic current density 
values detected by the array. Chapter 4 will discuss this limitation in 
further detail and will overcome it by means of an alternative data 
analysis method, capable of estimating metal loss at the area outside 
the crevice. 
 
Fig. 3.23 Image of the electrode array surface (left) and calculated metal loss 
distribution map (right) after 23 h of immersion in stagnant 0.01 M NaCl at a CP 
potential of -730 mVAg/AgCl. Results after correction of ZRA settings. 
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NEW ELECTROCHEMICAL CORROSION 
MONITORING METHODS FOR PIPELINES  
The previous chapter emphasized the challenges involved in 
measuring the current density distribution over an electrode array 
subjected to CP under heterogeneous conditions. Although it was 
proven that anodic current densities can be detected within a crevice 
despite the constant application of CP, little was explained regarding 
the electrochemistry that make these measurements possible. In 
addition, the results presented in the previous chapter have shown that 
corrosion can occur outside the crevice without being detected by the 
electrode array. This chapter is composed of two published papers 
that focus on these issues. 
The first paper presents an electrochemical method, referred to 
in this thesis as “corrected currents”, for monitoring corrosion rates at 
bare metal surfaces. When measuring the distribution of current under 
CP in nearly homogenous conditions (without any crevice former), it 
was found that current densities were not constant across the 
electrode array surface. In fact, those electrodes presenting localized 
corrosion showed smaller cathodic currents than the rest. The 
corrected currents method makes use of these differences and allows 
the estimation of the anodic current component at each electrode 
when the cathodic reactions can be assumed to be occurring at the 
same rate in all electrodes. 
In the second paper, the corrected currents method is adapted 
to the more complex heterogeneous condition produced by the crevice 
used in the differential aeration sensor (DAS) to simulate a disbonded 
coating. This paper also presents the electrochemical principles that 
allow the measurement of anodic currents within a crevice while CP is 
being applied. The metal loss calculated form the corrected currents 
and the direct application of Faraday’s Law to the anodic currents 
detected by the array were compared against surface profilometry 
Chapter 
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measurement results. It was mathematically demonstrated that, when 
applicable, the corrected currents method provides more accurate 
results. 
 
 An electrochemical method for measuring localized corrosion under cathodic protection 
  
 
  
 
   
 
Electrochemical method for studying localized corrosion 
beneath disbonded coatings under cathodic protection 
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CP EFFECTIVENESS UNDER 
DISBONDED COATINGS 
As mentioned in Chapter 2, electrodes made of several 
electrochemically interconnected metal segments were previously 
used by other researchers to study the distribution of CP currents 
along disbonded areas. The occasional detection of anodic currents, 
despite the application of CP, in some of these studies was what 
inspired the development of the DAS. In Chapters 3 and 4, the anodic 
currents directly detected by the DAS or estimated by the corrected 
current method were the focus of attention. However, the distribution 
of the cathodic currents produced within the crevice could also provide 
valuable information regarding the effectiveness of CP and ultimately 
the likelihood of corrosion under disbonded costings. 
This chapter is based on a manuscript (submitted for 
publication) that makes use of the high resolution of the electrode array 
to study the effect of environmental and geometrical parameters on 
the distribution of CP currents under disbonded coatings. The 
systematic understanding gained regarding the chemical changes 
produced within the occluded crevice environment highlighted the 
limitations of current mathematical models on the subject. From this 
understanding, the conditions at which insignificant corrosion rates 
would be produced inside the crevice were established. It was found 
that the pH of the solution contained within the crevice is of critical 
importance and that steel passivation is not required to ensure low 
corrosion rates within the crevice.
Chapter 
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CORROSION MONITORING UNDER 
DISBONDED COATINGS IN SOILS 
In the previous chapters, the vast majority of experiments on 
CP shielding or corrosion under disbonded coatings were carried out 
in aqueous solutions employed to simulate the soil corrosion 
environment. Aqueous solutions could be adjusted to simulate the 
chemical composition of particular soil solutions or to achieve a similar 
electrical resistivity of a typical soil. For corrosion testing purposes, 
aqueous solutions represent a simpler and more controllable 
environment than soils because they are less heterogeneous and 
allow direct visual observation of the corrosion process. Unfortunately, 
the relatively simple aqueous solutions may not fully simulate a 
complex soil environment, therefore experiments have also been 
conducted in soil cells containing saturated and non-saturated soils in 
order to further verify the validity of the techniques described in the 
previous chapters. 
The first section of this chapter demonstrates the application of 
the techniques presented in Chapters 3 and 4 for understanding the 
differences between the distribution and evolution of CP currents 
under disbonded coatings obtained in saturated sandy soils and those 
found in aqueous solutions. The second section of this chapter 
focuses on the study of the porous nature of non-saturated soils and 
its significant impact over the corrosion rates produced under 
disbonded coatings. 
 EFFECT OF SATURATED SOILS ON THE DISTRIBUTION OF 
CURRENT UNDER DISBONDED COATINGS. 
Saturated sandy soils were prepared from commercially 
available washed sand. The sand contained very little soluble species, 
which was confirmed by checking the resistivity of the saturated sandy 
soil made by adding ASTM D1193 type 1 water1 (water resistivity 
Chapter 
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16 M.cm) to the sand. The saturated sandy soil had a resistivity of 
approximately 28 M.cm, which is close to the resistivity of the ASTM 
D1193 type 1 water. The instrumentation configuration, 
electrochemical cell and sensor design used in sandy soil experiments 
were the same as those presented in Chapters 4 and 5. For all the 
tests presented in this chapter, a crevice gap size of 1 mm was used 
and the crevice opening was orientated facing upwards unless 
otherwise is specified. The test solution was, in all cases, 
0.01 M Na2SO4 prepared from analytical grade reagents and ASTM 
D1193 type 1 water.1 Air was purged through the solution overnight to 
ensure oxygen saturation at the beginning of the tests. For the tests 
performed in saturated soils, the electrochemical cell was first filled 
with solution until covering the sensor’s crevice opening (Fig. 6.1a). 
Then, dry sand and more 0.01 M Na2SO4 solution, were added until 
the mix reached a volume of 2.5 L (Fig. 6.1b). An approximately 5 mm 
supernatant solution was left over the sand to ensure saturation and 
compensate for any evaporation loss (Fig. 6.1c). An initial pH of 
approximately 6.2 was measured for the bulk soil and bulk solution 
using a pH electrode. At the end of the test, the pH of the solution 
and/or soil inside the crevice was measured using a pH paper. All tests 
were performed at a controlled room temperature of 22±2 ºC. As in 
previous chapters, although all potentials were measured against a 
silver/silver chloride/saturated potassium chloride electrode, the 
results are presented on the copper/saturated copper sulphate scale, 
because this is the typical reference electrode used in the pipeline 
industry. 
 
Fig. 6.1 Electrochemical cell preparation. Initial solution addition (a), addition of 
sand (b) and final setup (c). 
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Fig. 6.2 and 6.3 present, respectively, the current distribution 
maps obtained in solution and in sandy soil at different immersion 
times at a CP potential of -850 mVCSE. Outside the crevice, large 
current density values were initially found under both conditions. 
However, while the current density values for the test performed in 
aqueous solution stabilized around -50 μA/cm2 (Fig. 6.2), the current 
density values obtained from the test performed in sandy soil 
decreased rapidly and remained below -10 μA/cm2 (Fig. 6.3) for most 
of the test duration. Inside the crevice, the magnitude and the 
distribution of current densities were very similar for both conditions, 
despite the fact that for the test performed in sand, large amounts of 
sand were found inside the crevice area. The average pH values inside 
the crevice obtained at the end of the tests were 10 (in solution) and 
11 (in sand).  
 
Fig. 6.2 Current density distribution maps obtained at a CP potential of -850 mVCSE 
in 0.01 M Na2SO4 solution. 
 
Fig. 6.3 Current density distribution maps obtained at a CP potential of -850 mVCSE 
in 0.01 M Na2SO4 saturated sand. 
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At a CP potential of -850 mVCSE oxygen reduction should be the 
main cathodic reaction, the differences between the current 
distribution maps obtained in sand and in solution can, therefore, be 
explained by a lower oxygen flow rate in sand. Fig. 6.4 illustrates how 
the presence of solid soil particles reduces the oxygen flow rate. As 
observed, the diffusion path tortuosity increases because the diffusion 
of oxygen through the solid particles is negligible. In addition, the 
presence of solid particles would also reduce the solution convection, 
increasing the thickness of the diffusion layer and, therefore, reducing 
the concentration gradient, which is the driving force for diffusion. The 
solid particles could also reduce the surface area at the interphase of 
metal and solution, but this would not have an effect over the oxygen 
reduction rate because surface area is not a controlling factor for 
oxygen reduction. The increase in diffusion layer thickness and path 
tortuosity would also reduce the flow rate of the alkali generated by the 
cathodic reaction. Thus, a higher pH was found in sand, despite the 
fact that current densities (i.e. the rate of alkali generation) were 
consistently lower throughout the test (Fig. 6.3). 
 
Fig. 6.4 Schematic representation of the effect of solid sand particles on the 
diffusion of O2. 
Fig. 6.5 and 6.6 present the effect of sand on the current 
distribution maps obtained at a CP potential of -1050 mVCSE. Outside 
the crevice, after an initial period showing large current densities that 
could be attributed to the reduction of oxygen initially available near 
the metal surface, current densities stabilized at values of -80 μA/cm2 
when exposed in solution (Fig. 6.5), and less than -20 μA/cm2 when 
exposed in sand (Fig. 6.6). Inside the crevice, current densities were 
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also slightly lower in sand than in solution. The average pH values 
inside the crevice at the end of the test period were 10 in solution and 
12 in sand. 
Although the effect of sand over the current distributions at a 
CP potential of -1050 mVCSE is generally similar to that found at -
850 mVCSE, the small, yet significant contribution of water reduction to 
the overall cathodic current densities is evident and must be examined 
at this CP potential. Considering that oxygen reduction is a diffusion 
controlled reaction, the contribution of water reduction to the overall 
current densities can be estimated by comparing the current densities 
found at -1050 mVCSE and -850 mVCSE. Outside the crevice, the water 
reduction contribution was larger in solution (about 30 μA/cm2) than in 
sand (about 10 μA/cm2). Inside the crevice, the water reduction 
contribution was smaller, however, again it was larger (about 
6 μA/cm2) in solution than in sand (about 3 μA/cm2). As explained in 
the previous chapter, local pH values have a significant effect on the 
rate of water reduction, resulting in lower current densities at higher 
pH values. The data here is, therefore, consistent with the higher pH 
values found inside the crevice in sand, but it also implies that the pH 
developed outside the crevice in sand was higher than in solution. The 
fact that this higher pH could have been produced in sand, despite the 
significantly lower overall cathodic reaction rates, further suggests that 
the transport of alkali in sand is significantly slower than in solution. 
 
Fig. 6.5 Current density distribution maps obtained at -1050 mVCSE in 0.01 M 
Na2SO4 solution. 
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Fig. 6.6 Current density distribution maps obtained at -1050 mVCSE in 0.01 M 
Na2SO4 saturated sand. 
At -1250 mVCSE, the rate of water reduction is significantly 
higher and hydrogen would be rapidly generated. As explained in the 
previous chapter, the accumulation of hydrogen gas over the electrode 
array surface could produce areas of very low current density. Fig. 6.7 
and 6.8 present, respectively, the current distribution maps obtained 
in solution and in sandy soil at different immersion times at this very 
negative CP potential.  
Similar to general observations made at the lower CP potentials 
discussed above, the current densities produced in sand (Fig. 6.8) 
were observed to be lower than in solution (Fig. 6.7), especially outside 
the crevice. Also the pH values found inside the crevice at the end of 
the test was higher in sand (pH 14) than in solution (pH 12). However, 
at this potential the development of lower current densities in sand 
cannot be entirely attributed to the generation of a higher pH 
environment because the accumulation of hydrogen gas would also 
lead to lower current densities. In fact, the uneven nature of the current 
distribution maps presented in Fig. 6.7 and 6.8 suggests a significant 
accumulation of hydrogen for both environments. In solution (Fig. 6.7), 
the low current density areas were noticeable inside the crevice. In 
sand (Fig. 6.8), however, these areas were also observed outside the 
crevice, suggesting that the presence of sand reduces the rate at 
which hydrogen can float away from the electrode array.
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Fig. 6.7 Current density distribution maps obtained at several immersion times at a 
CP potential of -1250mVCSE in 0.01M Na2SO4. The black arrows indicate the 
direction on which hydrogen would float away. 
 
Fig. 6.8 Current density distribution maps obtained at several immersion times at a 
CP potential of -1250mVCSE in 0.01M Na2SO4 saturated sand. The black arrows 
indicate the direction on which hydrogen would float away. 
In order to verify if the lower current densities found for sand in 
Fig. 6.8 were due to a high pH environment or due to hydrogen 
accumulation, additional tests were performed at the same 
environment and CP potential, but different crevice orientations.  
Fig. 6.9 illustrates the changes in the current distribution 
produced over a 23 h period in sand at -1250 mVCSE when the crevice 
opening was placed facing downwards. The evolution of current 
densities can be separated into three stages. First, an area of very low 
current density is produced that gradually covers most of the crevice 
area (Fig. 6.9a to 6.9d). Then, the current densities outside the crevice 
showed a sharp decrease from values around 300 μA/cm2 to 
200 μA/cm2 within an hour (Fig. 6.9d to 6.9e). Finally, the current 
 115 | P a g e
 
densities outside the crevice continued decreasing at a constant and 
much lower rate for the remaining duration of the testing period.  
 
Fig. 6.9 Current density distribution maps obtained at several immersion times at a 
CP potential of -1250 mVCSE in 0.01 M Na2SO4 saturated sand with the crevice 
opening facing downwards. The black arrows indicate the direction on which 
hydrogen would float. 
The changes observed in Fig. 6.9 are consistent with the 
hydrogen accumulation hypothesis illustrated in Fig. 6.10: during the 
first stage, the crevice is filled with hydrogen, shielding CP and 
producing an area of low current density that rapidly grows to cover 
the crevice. Once the crevice is full of hydrogen, any additional gas 
accumulates outside the crevice producing a rapid decrease in current 
densities. Finally, once the gas generation and transportation reaches 
a steady state, the effect of increasing pH becomes evident and a 
further, although much slower, decrease of current densities outside 
the crevice can be observed. A pH value of 11 was found from traces 
of solution that remained inside the crevice at the end of the test. When 
comparing Fig. 6.8 and 6.9, significantly larger current densities were 
found outside the crevice when the crevice opening was facing 
downwards. This indicates that hydrogen accumulation is largely 
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responsible for the low current densities found outside the crevice in 
Fig. 6.8 and that sand imposes an important resistance to hydrogen 
attempting to escape from the crevice.  
 
Fig. 6.10 Schematic representation of the hydrogen accumulation hypothesis. 
Crevice facing downwards. 
Fig. 6.11 presents the main changes in the current distribution 
maps obtained from a test performed with the crevice opening facing 
sideways. Initially, the current density distribution maps present similar 
features to those obtained at the other two crevice orientations. 
However, an area of low current density was soon formed at the side 
of the crevice facing the top of the electrochemical cell (electrode 
columns 1 and 2). This low current density area presumably produced 
by the accumulation of hydrogen, was unstable and suddenly 
disappeared on a couple of occasions throughout the test (Fig. 6.11c 
and 6.11f). Immediately after the low current density area 
disappeared, the current density values at that area became similar to 
those found at the beginning of the test. This could be explained by 
the accumulated hydrogen suddenly escaping the crevice and being 
replaced by fresh (lower pH) solution, as illustrated in Fig. 6.12. At the 
end of the test an average pH of 14 was measured inside the crevice. 
The fact that outside the crevice low current densities were only found 
at electrode columns 1 and 2 (Fig. 6.11), while the rest of the 
electrodes presented current densities similar to those found in 
solution (Fig. 6.7), shows the dramatic effect of hydrogen 
accumulation in sand. This result has practical implications for 
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understanding and preventing corrosion on pipelines with coating 
disbondment at different orientations. 
Fig. 6.11 Current density distribution maps obtained at several immersion times at 
a CP potential of -1250 mVCSE in 0.01 M Na2SO4 saturated sand with the crevice 
facing sideways. The black arrows indicate the direction on which hydrogen would 
float. 
 
Fig. 6.12 Schematic representation of the hydrogen accumulation hypothesis. 
Crevice facing sideways. 
Concluding remarks 
From the previous analysis, it is concluded that the presence of 
soil decreases the transport rate of oxygen and alkali, and imposes a 
significant resistance to the flow of hydrogen gas. The lower access to 
dissolved oxygen would decrease the CP current required to prevent 
steel corrosion by aeration cells and any CP shielding associated with 
it. More importantly, slower transport of alkali tends to induce higher 
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pH environments in soils than those produced under the same 
conditions in solution, and, as explained in the previous chapter, pH is 
considered the main factor determining the likelihood of corrosion 
under disbonded coatings. This suggests that although tests in 
aqueous cells can provide valuable knowledge on corrosion under CP, 
tests in soil cells are necessary in order to fully evaluate soil corrosion 
under the effects of CP and disbonded coatings. 
Unfortunately, most of the current literature regarding disbonded 
coatings is based on experiments and mathematical modelling based 
on aqueous solutions. Thus, the important differences in transport 
rates and accumulation of hydrogen must be accounted for when 
transferring the knowledge gained by the use of aqueous solution to 
real world applications in soils.  
 EFFECT OF NON-SATURATED SOILS ON THE 
DISTRIBUTION OF CP UNDER DISBONDED COATINGS 
In practical soil corrosion conditions, soil is often non-saturated. 
In this section, the effect of soil solution content is studied in order to 
understand the influence of different water saturation levels on 
corrosion and CP. The water holding capacity (WHC) of the simulated 
soil was measured by registering the volume of solution required to 
saturate a liter of dry sand. Then, mixtures of sand and 0.01 M Na2SO4 
solution were prepared at several percentages of its WHC. The 
experimental arrangement used in this section was the same as in the 
previous section. The crevice was filled with 0.01 M Na2SO4 solution 
before adding the sand/solution mixture to the electrochemical cell. In 
all tests described in this section, a constant CP potential of 
was -850 mVCSE was applied to the electrode array. 
Fig. 6.13 presents the current density distribution maps 
obtained in sand/solution mixtures of different percentages of WHC. 
The current distributions presented similar features in all cases. Large 
cathodic current densities were found outside the crevice, while inside 
the crevice, anodes and cathodes showing high current densities were 
always separated by an area of zero current from the large cathodic 
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area outside the crevice. The pH of the solution remaining within the 
crevice at the end of each test was 6, indicating no significant changes 
from the initial solution pH. In all cases, the total net current produced 
by the anodes and cathodes found within the crevice were zero, 
indicating that these corrosion cells were isolated from the CP applied 
from outside the crevice. When analyzing the evolution of current 
distribution within the crevice, it can be observed that although the 
anodic areas were always located at the crevice tip by the end of the 
tests, this was not always the case at the beginning. When the area 
occupied by these currents inside the crevice was relatively large 
(Fig. 6.13a and 6.13d), the cathodes generally surrounded the 
anodes.  
It is believed that this behavior was produced by the disruption 
of the solution layer within the crevice as illustrated in Fig. 6.14. When 
the non-saturated soil comes into contact with the solution initially 
filling the crevice (0.01 M Na2SO4 solution as discussed above), part 
of this solution is absorbed by the soil. This leaves an air gap 
remaining in the volume that was initially occupied by the solution. This 
air gap (indicated in Fig 6.14) acts as an isolator between the solution 
fraction that remained within the crevice (not absorbed by the sand) 
and the CP applied from outside the crevice. Under these conditions, 
the solution trapped at the tip of the crevice would develop an isolated 
corrosion cell and behave similarly to an Evans drop experiment.2 The 
main cathodic reaction for this cell would be, in the first stage, the 
reduction of the oxygen initially dissolved in the solution; hence, 
cathodic currents are initially distributed randomly and no preferential 
localization of the anodes was observed. However, this cathodic 
reaction could not be sustained if there is no renewable source of 
oxygen within the crevice. For this reason, a preferential localization 
of the cathodes at the area adjacent to the air gap, and of the anodes, 
at the crevice tip area was observed in all cases as the tests 
progressed. Another consequence of this diffusion-controlled 
corrosion cell is that the lower the volume of solution left within the 
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crevice, the more concentrated the attack will be, resulting in higher 
anodic current densities. Evidence of this behavior can be observed 
when comparing the maximum anodic current densities produced by 
the end of the test at 40% WHC (where the remaining solution volume 
was large) with those found at 80% or 20% (where the remaining 
solution volume was significantly smaller). 
Fig. 6.13 Current density distribution maps obtained at several immersion times at 
a CP potential of -850 mVCSE in 0.01 M Na2SO4 and sand at several % of WHC. 
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80% of WHC (a, b and c), 60% of WHC (d, e and f), 40% of WHC (g, h and i) and 
20% of WHC (j, k and l). 
No obvious correlation between the percentage of WHC and 
the volume of solution left within the crevice was observed. In addition 
to the results presented in Fig. 6.13, an important variability in the size 
of the corrosion cell within the crevice for each condition was observed 
between repeated tests. A general observation for these dryer soil 
conditions is that, outside the crevice, the current densities were 
significantly larger than those found at the same CP potential in 
saturated soils (Fig. 6.2). In addition, contrary to what was observed in 
saturated soils, current densities did not decrease rapidly at the 
beginning of the test. Fig. 6.15 presents a comparison of the current 
density values found outside the crevice as a function of the soil’s 
percentage of WHC where a current density peak can be observed at 
60% WHC. According to Jiang’s model,3, 4 this peak is produced when 
the amount of solution filling the pores between soil particles is such 
that, the length of the metal/air/solution triple interphase is maximized. 
While a higher percentage of WHC would increase the volume of the 
solution through which oxygen must diffuse, a lower percentage of 
WHC would reduce the wet surface area and therefore the total 
cathodic current.  
Fig. 6.16 presents the current density distribution obtained in an 
80% of WHC soil in the same conditions as the results presented in 
Fig. 6.13, but for an initially dry crevice. In this case, no isolated 
corrosion cell was observed within the crevice at any point of the test. 
These results confirm that zero current densities are registered when 
the crevice is full of air and indicate that for non-saturated soils, the 
solution does not spontaneously penetrate the crevice from the soil. 
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Fig. 6.14 Illustration of the proposed corrosion process occurring under disbonded 
coatings in non-saturated soils. 
 
Fig. 6.15 Average current densities outside the crevice after 23 h of exposure 
at -850 mVCSE as a function of % WHC. 
 
Fig. 6.16 Current density distribution maps over an initially dry crevice at a CP 
potential of -850 mVCSE in 0.01 M Na2SO4 and sand at 80% of WHC. 
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Concluding remarks 
In this work, the effects of partial drying of the crevice between 
a simulated pipeline surface and a disbonded coating have been 
investigated. Although the test conditions were not fully representative 
of pipeline service conditions, because for a permanently buried 
structure, the contact between the soil and the solution trapped inside 
the crevice would not be suddenly established or interrupted as it did 
in the simulation test, the important implications of an incomplete 
absorption of the solution within the crevice are still of great 
significance. In pipeline service conditions, an incomplete drying of the 
crevice could result from seasonal changes affecting the water table 
level or from intense rains that could saturate the soil surrounding the 
pipe.  
For the results presented in this section, the disruption of the 
solution layer within the crevice occurred immediately after the sand 
was added to the corrosion cell, therefore, the CP was unable to 
produce a significant pH increase within the crevice, and large anodic 
current densities were generally found. If a permanently buried 
structure under CP is considered instead, a significantly higher pH 
inside the crevice would have existed before the solution layer 
disruption. Therefore, even though CP would not be capable of acting 
over the isolated corrosion cell formed at the tip of the crevice, low 
corrosion rates could be achieved if the pH is high enough to induce 
passivation of the steel surface. Unfortunately, when this high pH 
solution is isolated from CP and comes in contact with the air gap that 
forms in part of the crevice, steel would move into the region of 
potentials where high-pH SCC could be initiated.5, 6 
The results presented in his section highlight some of the 
limitations of simulating underground corrosion environments by 
means of aqueous solutions. Nevertheless, the sensor developed in 
this work performed well in soil cells containing variously designed 
soils and cell environmental conditions. This demonstrates the 
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applicability of the sensors under a wide range of complex soil 
corrosion conditions.  
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SUMMARY AND RECOMMENDATIONS 
This chapter presents a summary of the key findings resulting 
from the research undertaken in this thesis and how they contribute to 
the field of corrosion science. From these findings, a set of logical 
future steps to further extend this research are proposed.  
 SUMMARY
In this thesis, new electrochemical methods for evaluating 
localized corrosion under CP under various simulated environmental 
conditions have been investigated. For the first time, corrosion rates 
and their distribution were electrochemically measured under bare 
metal and disbonded coating conditions without requiring CP 
interruption. In addition to their potential practical applications, their 
use shed a new light on the study of corrosion under disbonded 
coatings. 
From careful review of the background literature, it was 
apparent that, under some conditions, small anodic currents were 
observed under disbanded coatings, although this appeared to be 
disregarded by and not discussed in any way in those reports.1-3 This 
observation, however, was the motivation for the development of the 
DAS in the present work. The initial proof of concept indicated that, 
indeed anodic currents can be detected within the crevice area despite 
the application of CP. It must be emphasized that, careful configuration 
of the instrumentation was essential to measure the wide range of 
currents generated over the DAS with enough resolution to accurately 
detect the small anodic currents produced by corrosion.  
This proof of concept study described in Chapter 3 also 
indicated that the anodic currents produced by corrosion could not be 
reliably detected outside the crevice. Therefore, the corrected currents 
data analysis method was developed to estimate the anodic current 
component at the electrodes exposed under uncovered (bare metal) 
Chapter 
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conditions. Since this method is based on comparing the net currents 
measured at electrodes exposed to conditions where the same 
cathodic reaction rate could be assumed, its first implementation was 
under nearly homogeneous conditions (without any crevice on top of 
the electrode array). In addition to simplifying the experimental 
condition, this allowed a greater statistical significance when validating 
its results against surface profilometry. The corrected currents method 
was then adapted to the heterogeneous conditions developed in the 
presence of a crevice, for its combination with the DAS. It was 
mathematically demonstrated that, when applicable, the corrected 
currents method provides a better corrosion estimation than direct 
application of Faraday’s Law over the anodic currents detected by the 
array. The metal losses obtained by both methods were validated 
against surface profilometry results.  
The DAS was also used to study the distribution of CP currents 
under disbonded coatings in aqueous solutions with a resolution 
previously unattained. The mechanistic understanding gained through 
the study of the effect of geometrical and environmental variables, 
allowed the identification of key missing elements in current 
mathematical models4-13 on the subject. It was concluded that, for an 
ideally impermeable disbonded coating, the local pH inside the crevice 
is the main factor affecting corrosion and that only negligible corrosion 
rates could be sustained at high pH. In addition, it was shown that, 
contrary to what is generally assumed,1, 14-18 the formation of a passive 
layer is not a necessary condition for attaining such negligible 
corrosion rates.  
The effect of saturated and non-saturated soils has also been 
investigated. In saturated sandy soils, it was found that the transport 
rates of dissolved oxygen, alkali and hydrogen gas through soils differ 
significantly from those found in aqueous solutions. This difference in 
transport rates has an important effect on the local pH developed 
under disbonded coatings and thus on corrosion. This highlights how 
unsuitable it is to extrapolate empirical results obtained in aqueous 
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solutions, as is frequently proposed in the literature,19-22 to service 
conditions in soils. Instead, a mechanistic understanding of the 
phenomena is essential to link these two different corrosive 
environments. 
The limitations of aqueous solutions to replicate the complexity 
of soils are even more evident in the case of non-saturated soils. Here 
the disruption of the solution layer within the crevice (which would not 
be produced in aqueous solutions or saturated soils) was a key feature 
affecting the system’ corrosion behavior. The disruption of the solution 
layer and ingress of air within the crevice isolated the corrosion cell 
formed at the crevice tip from CP and supplied it with a renewable 
source of oxygen. Consequently, if the pH of the solution trapped 
within the crevice is not high enough to induce passivation of the steel, 
high corrosion rates can be developed and sustained. If on the other 
hand, the pH values were such that a passive layer is formed, then the 
presence of oxygen would shift the corrosion potential into the high-
pH, stress corrosion cracking susceptibility region. These results open 
new questions regarding the effect of the hygroscopicity of the 
materials constituting the crevice on its tendency to retain solution 
during wet/dry cycles, among other factors that were previously 
ignored. 
The DAS is the first sensor capable of electrochemically 
measuring localized corrosion under disbonded coatings without 
requiring CP interruption. Its robustness (in relation to other 
experimental techniques) enables its use under conditions closer to 
those at which pipelines are actually exposed.  
 RECOMMENDATIONS FOR FURTHER WORK 
As mentioned above, one of the main contributions of this work 
was the development of new corrosion monitoring techniques. In order 
to make our analysis possible, certain simplifications were used in the 
sensor design and the experimental conditions used. A logical 
extension of this research would systematically explore the effect of 
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removing these simplifications. In particular, the following research 
directions are recommended: 
x Improving the simulation of the disbonded coating: The PMMA 
cover used to simulate the coating was chosen because it does 
not allow the permeation of chemical species. However, actual 
coatings may have different permeability properties. Therefore, 
the effect of coating permeability on the current distribution and 
the environment produced under disbonded coatings should be 
further studied.  
x Extending the chemistry of the environments used to simulate 
buried pipelines conditions: The neutral salt solutions used in this 
work represent a simplification from the diverse chemical 
compositions that soil solutions could actually contain. In 
particular, the composition of the soil solutions could act as a pH 
buffer, thereby inducing high corrosion rates under disbonded 
coating areas. It is, therefore, important to consider these types 
of solutions in future stages of this research.  
x Improving the simulation of complex soil corrosion conditions: 
The effect of non-saturated soils on the corrosion under 
disbonded coatings must be studied in further detail. Here the 
exclusive use of sand represents another simplification that 
should be further explored in future research.  
x Revising the boundary conditions used by current mathematical 
models regarding disbonded coatings: In particular, it is 
recommended to expand the models including the effect of the 
composition changes over the rate of the electrochemical 
reactions occurring on the metal/solution interface. The 
considerably slower transport of oxygen and alkali found in soils 
should also be considered in future mathematical models. 
x Further validation: The electrochemical techniques developed in 
this thesis have shown a promising prospect for practical 
corrosion monitoring applications. However, further work is 
required to validate the relationships between the results 
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obtained electrochemically over the sensor and the actual 
corrosion rates of the monitored structure. For this purpose, a 
multiscale approach is recommended that combines tests in 
small electrochemical cells, large soil boxes (Fig. 7.1) and in 
service pipelines. A research project following this direction has 
recently been started. 
 
 
Fig. 7.1 Large soil box testing arrangement used the corrosion sensor validation 
program. 
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